Abstract Rationale: Abnormal amygdala and frontocortical responses to emotional stimuli are implicated in bipolar disorder (BD) and have been proposed as potential treatment targets. Objectives: The aim of this study was to investigate amygdala and frontocortical responses to emotional face stimuli in BD and the influences of mood-stabilizing medications on these responses. Methods: Functional magnetic resonance imaging was performed while 17 BD participants (5 unmedicated) and 17 healthy comparison (HC) participants viewed faces with happy, sad, fearful, or neutral expressions. Results: The group by stimulus-condition interaction was significant (p<0.01) for amygdala activation, with the greatest effects in the happy face condition. Relative to HC, amygdala increases were greater in unmedicated BD, but lower in medicated BD. Rostral anterior cingulate (rAC) activation was decreased in unmedicated BD compared to HC; however, BD participants taking medication demonstrated rAC activation similar to HC participants. Conclusions: Although the sample sizes were small, these preliminary results suggest that BD is associated with increased amygdala and decreased rAC response to emotional faces. The findings also provide preliminary evidence that mood-stabilizing medications may reverse abnormalities in BD in the response of an amygdalafrontal neural system to emotional stimuli.
Introduction
Amygdala and ventral frontal cortex are major nodes in the neural circuitry subserving emotional responses. These structures share reciprocal connections that permit them to work together to modulate adaptive responses to shifts in emotional stimuli. Preclinical studies, as well as human studies of patients with medial temporal lobe seizures and lesions in ventral frontal cortex, implicate elevations in amygdala activity and deficits in frontocortical activity in the impaired emotional regulation characteristic of bipolar disorder (BD) .
Neuroimaging studies provide further support for the presence of functional abnormalities in an amygdalafrontal neural system in BD. Elevations in resting activity of the amygdala in BD depression (Drevets et al. 2002) , as well as elevations in amygdala response to negative and positive emotional faces in BD patients in mixed, depressed and euthymic states, have been reported (YurgelunTodd et al. 2000; Lawrence et al. 2004) . Disturbances in ventral frontal resting activity and recruitment during performance of emotional and executive tasks have been demonstrated in BD individuals in manic, depressed, as well as euthymic mood states (Blumberg et al. 1999 Drevets et al. 1997; Rubinsztein et al. 2001; Lawrence et al. 2004; Strakowski et al. 2004) . Emerging evidence suggests that normalization of these functional disturbances in frontotemporal neural systems by anticonvulsants and lithium may contribute to their mood-stabilizing properties (Drevets et al. 2002; Goodwin et al. 1997; Ketter and Wang 2002; Lawrence et al. 2004) . This study employed an emotional face paradigm to probe amygdala and ventral frontal responses to emotional stimuli in BD and to explore effects of medications on regional brain responses.
Methods

Participants
Participants included 17 outpatients with BD I treated at the Veterans Affairs Connecticut Healthcare System or the Yale University School of Medicine or by practitioners in the community. The participants with BD I (see Table 1 for demographic and clinical features of the participants with BD) were subdivided into a group that was unmedicated at the time of scanning [UNMED BD, N=5, 3 (60%) female, ages 23-56 years, mean age 40.0±SD12.3; 1 (20%) in a mixed state, 2 (40%) depressed, and 2 (40%) euthymic at scanning; 2 (40%) met criteria for rapid cycling] and a group that was medicated at the time of scanning (MED BD, N=12, 4 (33%) female, ages 29-59, mean 45.8±SD9.4; 4 (33%) in manic, hypomanic, or mixed states, 1 (8%) depressed, 7 (58%) euthymic; 5 (42%) rapid cycling. The healthy comparison (HC) group consisted of 17 participants who were without history of Axis I disorders themselves or in first-degree relatives [HC, 10 (59%) (First et al. 1995) . All participants were right-handed with the exception of two BD participants. The Hamilton Depression Rating Scale (HDRS) (Williams et al. 1994 ) and the Clinician-Administered Rating Scale for Mania (CARS-M) (Altman et al. 1994) 
Functional magnetic resonance imaging procedures
Imaging methods and activation paradigm were as described previously (Donegan et al. 2003) . In brief, 16 coronal-oblique echoplanar images were acquired (TR=1,650 msec, TE=60 msec, flip angle=60°, FOV=20×20 cm, 64×64 matrix, 3.1×3.1 mm in-plane resolution×7 mm slice thickness) from the frontal pole through the fusiform region with the 8th slice centered on the amygdala while participants passively viewed stimuli presented at a rate of 1/s. Twentysecond blocks of happy, sad, fearful, or neutral faces from the Ekman face series (Ekman and Friesen 1979) , or a cross-hair fixation point (baseline block), were presented in an order counterbalanced to control for sequential dependencies during eight 4 min 20 sec runs. Images were corrected for motion, spatially filtered (Gaussian filter 6.25 mm full-width half maximum), and the first two images of each block discarded to account for hemodynamic delay. The percent signal change for each of the four emotional face conditions, as compared to the baseline condition, were averaged across runs for each participant. Signal change maps for each individual were coregistered to T1-weighted anatomical images obtained immediately prior to the echoplanar images and transformed into standardized stereotactic space (Talairach and Tournoux 1988) . The amygdala region of interest (ROI) and a control region of fusiform gyrus anticipated to activate in response to all faces were predefined within Talairach space (Donegan et al. 2003) , and a mean percent signal change was calculated separately for the right and left amygdala and fusiform ROIs for each participant. Ventral frontal differences were hypothesized; however, we did not constrain a region in ventral prefrontal cortex a priori and performed between-group comparison maps of signal change by calculation of t statistics at all pixels. A rostral anterior cingulate (rAC) ROI was identified as the only region that differed significantly (p<0.005, cluster threshold of 20 adjacent voxels) between BD participants and HC subjects. This rAC ROI was used in analyses to assess for effects of demographic and clinical factors.
Analyses
Statistical procedures were performed in SAS version 8.1 (SAS Institute Inc., Cary, NC) using a mixed-model analysis (PROC MIXED). In the primary analysis, mean percent signal change in the amygdala ROI for each subject was the dependent measure. Group was the between-subjects variable (three levels: UNMED BD, MED BD, HC). The emotional face condition (happy, sad, fearful, neutral) and hemisphere (right, left) were the within-subject variables, and there was a random subject effect and condition within subject effect. Repeated measures were performed for hemisphere. Terms that were not significant were eliminated via a backward stepwise algorithm, with the constraint that the model at each step was hierarchically well formulated. Least square means (ls means) and standard errors (SE) were calculated in the mixed model and plotted to interpret significant interactions. Analogous analyses were performed for the rAC ROI, as well as for the fusiform comparison ROI, as the dependent measures. Results were considered significant at the level of p<0.025, providing Bonferroni correction for the two ROIs investigated. Posthoc analyses were conducted to explore potential main effects of clinical variables on amygdala and rAC measures by adding relevant factors to the model one at a time including age, sex, mood state at scanning, rapid cycling, history of alcohol dependence, and HDRS or CARS-M mood rating scale scores, as well as age of onset, duration of illness and number of hospitalizations. To explore the effects of medication class, the MED BD group was further divided into subjects who were prescribed anticonvulsants and subjects who were prescribed lithium, and the models were refit with a four-category group variable rather than a three-category group variable. Posthoc adjusted pairwise comparisons were performed to explain significant interactions or main effects.
Significant results from these analyses are reported below.
Results
Age
There was a significant main effect of age [F(2,31)=5.13, p=0.01], derived from significant difference between the HC and MED BD groups (p=0.003). Age did not differ significantly between other groups (p>0.2).
Amygdala
The group by stimulus-condition interaction was significant after Bonferroni correction [F(6,93)=2.84, p=0.01], with significant group differences detected in the happy condition. In this condition, the amygdala activation of the UNMED BD group was higher than that of the HC group, whereas the amygdala activation of the MED BD group was lower than that of the HC group (UNMED BD ls mean percent signal increase±SE 0.18±0.06; HC 0.04±0.03; MED BD −0.07±0.04) (Figs. 1 and 2 ). Effect of group was not significant (p>0.4) within the other emotional conditions.
Rostral anterior cingulate
The ROI analysis confirmed the group comparison map analysis (group effect, [F(2,31)=9.61, p<0.001]). The highest activation was in the HC group (HC 0.04±0.04), the lowest values in the unmedicated BD group (UNMED BD −0.28±0.07), and intermediate values were detected in the medicated BD group (MED BD −0.04±0.04) (Figs. 3  and 4 ). There was a trend toward a greater effect of group in the left hemisphere [F(2,133)=3.30, p=0.04, uncorrected]. Fig. 1 Increased amygdala activation during happy face viewing in unmedicated BD. Coronal image (plane 4 mm posterior to the anterior commissure) demonstrates increased amygdala activation (green box demonstrates the a priori amygdala region of interest) in the unmedicated BD group as compared to the healthy control group, significance level p<0.05. The maximum of this difference was at coordinates x=25 mm, y=−4 mm, z=−15 mm (Talairach and Tournoux 1988) . R Right brain, L left brain
Fusiform gyrus
The fusiform region activated across groups in response to face stimuli; the effect of group was not significant [F(2,31)= 0.12, p=0.89].
Medication class
Exploration for effects of medication classes revealed a significant association, after Bonferroni correction, between the BD subgroup prescribed anticonvulsants and reduced amygdala activity in the happy condition [F(1,81.7)=13.88, p=0.0008] (amygdala activation in BD taking anticonvulsants −0.10±0.05), as compared to UNMED BD. Amygdala activation was also lower in the BD subgroup prescribed lithium than the UNMED BD group; however, this effect did not reach significance [F(1,81.7)=4.40, p=0.078]. In rAC, higher rAC activation was associated with the BD subgroup prescribed lithium [F(1,30)=−3.62, p=0.006] (rAC activation in BD prescribed lithium 0.06±0.07) as compared to UNMED BD.
Other clinical factors
No significant effects were detected for age, sex, mood state, rapid cycling, history of alcohol dependence, HDRS or CARS-M scores, age of onset, duration of illness, or number of hospitalizations.
Discussion
We found differences between the frontotemporal responses to emotional face stimuli in unmedicated BD compared to HC participants. These differences were attenuated in the presence of pharmacotherapy (medicated BD subgroup). Amygdala activation was elevated in unmedicated BD participants, especially when they viewed positive face stimuli, but was blunted to levels below those of HC in medicated BD participants, particularly if they were taking anticonvulsants. In contrast, activation in rAC in unmedicated BD participants was lower than that in HC participants. This difference was attenuated in medicated BD participants, especially if they were taking lithium, as they had higher rAC activation than unmedicated BD participants and activation similar to HC participants.
The finding of elevated amygdala response to emotional face stimuli in BD is consistent with previous reports (Yurgelun-Todd et al. 2000; Lawrence et al. 2004 ). Whereas in unipolar depression, elevated amygdala activation has been observed in response to faces depicting negative affect; in BD, elevated amygdala activation has been observed in response to faces depicting positive as well as negative affect (Lawrence et al. 2004) . The strong effect found in this study in association with the viewing of happy faces is consistent with theories that response to positively valenced emotional stimuli may be especially salient in BD (Leibenluft et al. 2003) . Lawrence et al. (2004) have suggested that BD may be characterized by an en- Fig. 4 Attenuation of rAC activation decreases during face viewing in BD in association with medication. The graph displays the group ls mean percent signal increase and SE values for rAC activation during face viewing in the unmedicated BD group (N=5), HC group (N=17), and medicated BD group (N=12) Fig. 3 Decreased rAC activation during face viewing in unmedicated BD. Coronal image (plane 40 mm anterior to the anterior commissure) demonstrates the relative decrease in rAC activation (green box demonstrates the rAC region of interest used for the post hoc analyses) in the unmedicated BD group as compared to the HC group, significance level p<0.005. The maximum of this difference was at coordinates x=−6 mm, y=40 mm, z=7 mm (Talairach and Tournoux 1988) . R Right brain, L left brain Fig. 2 Blunting of elevated amygdala activation during happy face viewing in BD in association with medication. The graph displays the group ls mean percent signal increase and SE values for amygdala activation during the happy face condition in the unmedicated BD group (N=5), HC group (N=17), and medicated BD group (N=12) hanced perception of salience of both positive and negative emotional stimuli that may contribute to mood lability in the disorder. We did not detect elevations in amygdala response in these BD participants to faces depicting negative emotional expressions, as have been noted in previous studies of BD participants (Yurgelun-Todd et al. 2000 , Lawrence et al. 2004 . Possible explanations include limitations in the power to detect differences owing to the small sample size, as well as the inclusion of BD participants with elevated mood symptoms, as attenuated amygdala response to faces depicting negative affect have been reported in association with manic symptoms in BD (Lennox et al. 2004) .
The lower amygdala response observed in BD participants taking mood-stabilizing medications is consistent with reductions in amygdala hyperactivity observed previously in depressed BD participants treated with anticonvulsants (Drevets et al. 2002) . These findings are consistent with theories that attenuation of abnormally elevated amygdala activity, e.g., through the reduction of excitatory glutamatergic input and facilitation of gamma aminobutyric acid transmission, contributes to the therapeutic effects of moodstabilizing medications (Post et al. 1982; Drevets et al. 2002; Krystal et al. 2002) . It is notable that amygdala response to positive face stimuli in patients taking moodstabilizing medication was lower than that in HC. Potential blunting of response to positive stimuli could be an important area for future study as BD patients often report the blunting of their perceptions of positive stimuli while taking mood-stabilizing medications as the reason for discontinuing their medication (Goodwin and Jamison 1990).
The rAC region, where attenuated response to emotional faces was observed in unmedicated BD participants, shares substantial reciprocal connections with the amygdala and, together with amygdala, subserves emotional processes (Amaral and Price 1984; Devinsky et al. 1995 ). An inverse relationship between frontal deficits and elevated amygdala response in mood disorders has been reported previously (Davidson 2000; Siegle et al. 2002) . It is possible that deficits in rAC could contribute to disinhibition of the amygdala or that abnormal activity in the amygdala could lead to decreases in rAC response. Elucidation of mechanisms underlying this imbalance may provide useful insights into the pathophysiology of mood disorders.
Activation of the rAC in medicated BD participants was similar to that in HC. Metabolic changes in rAC in association with lithium response have been reported (Davanzo et al. 2001) . Normalization of prefrontal response to emotional stimuli in BD with lithium was also observed previously in a small sample of patients (N=3) with BD (Lawrence et al. 2004) . It is unclear whether frontal changes in association with medication contribute to symptom reduction. In one study, such changes were not associated with recovery from acute mood symptoms (Goodwin et al. 1997) , and conclusions regarding beneficial treatment responses in BD cannot be drawn from the current study design. However, the rAC region identified in this study overlaps the region demonstrated by multiple groups studying major depressive disorder (with much larger samples and more systematic study) to be associated with treatment response (e.g., Mayberg 2002) . Thus, future studies with larger BD samples and more systematic investigation of medications and clinical outcomes are warranted.
The ability to draw conclusions from this patient sample of modest size is limited. Mood-congruent biases in BD (Murphy et al. 1999; Lembke and Ketter 2002) could have contributed to the findings. Heterogeneity within the participant sample and the naturalistic treatment design limit the causal inferences that can be made about the associations between pharmacotherapy and regional brain abnormalities in BD. Differences detected between BD subgroups could reflect preexisting differences between BD participants that could have influenced their adherence to different types of medication or clinical factors that may have influenced the choice of pharmacotherapy by treating physicians. Future studies with BD participants stratified by mood state and studied prospectively with randomized medication assignment are warranted.
In summary, this study provides evidence to support the presence of abnormalities in the response of an amygdalarAC neural system to emotional face stimuli in BD. The data suggest the importance of considering the valence of emotional stimuli in studies of BD. They also suggest that mood-stabilizing medications used to treat BD may normalize functional abnormalities within frontotemporal neural systems.
